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Abstract: Surface-enhanced Raman spectroscopy (SERS) is one of the most powerful techniques for
obtaining fingerprint information on molecules adsorbed on coinage metal surfaces. Its detection sensitivity has
reached the single-molecule level. On the basis of density functional theoretical (DFT) calculations and Raman
scattering theory, we investigated the normal Raman spectra of two isomers and surface-enhanced Raman
scattering (SERS) spectra of 4-mercaptopyridine (4MPY) adsorbed on silver. The results aided us in uncovering
the relationships between normal Raman spectra and SERS spectra and adsorption configuration,
tautomerization, protonation, and hydrogen bonding interactions as well as low-lying excited states. First, we
compared the relative stability and normal Raman spectra of two isomers of 4MPY in the gas phase and aqueous
solution with a solvent model similar to the solvation model of density (SMD). We then studied the Raman spectra
of 4MPY interacting with silver clusters. Our results indicate that the Raman spectra were not dependent on the
size of the silver clusters, owing to the formation of strong Ag―S bonds. We also considered two cases of N-
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end interaction in the 4MPY-Ag5 complex. (1) For the hydrogen bond interaction between the nitrogen in 4MPY
and water clusters or hydrated proton clusters, the theoretical results indicated that the vibrational frequencies
of the pyridine ring increase. (2) For the interaction of the 4MPY-Ag5 complex with a silver cluster Ag4 through
the lone-paired orbital in nitrogen of the pyridine ring, the theoretical results further revealed that the vibrational
frequency shift is in good agreement with SERS peaks reported in the literature. Finally, our calculated results
focused on the relationship between the Raman spectra and the charge transfer mechanism when the excitation
photonic energy matches the transition energy of low- lying excited states in single- end and double-end
adsorption configuration. Particularly for the case of the double-end adsorption configuration, the charge transfer
states from the excitation from the silver cluster binding to the pyridine ring not only enhance the Raman signals
of v12, v1, and v8a modes, but also selectively enhance the Raman signal of the v9a mode associated with the
symmetric C―H in-plane bending vibration.
Key Words: Surface-enhanced Raman spectroscopy; Density functional theory; Charge transfer
mechanism; 4-Mercaptopyridine; Silver
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Fig.1 (A) Equilibrium of protonation, deprotonation,
isomerization of 4MPY as well as (B) structure modelings






























自 C―S伸缩和吡啶环 v6a耦合的 399和 698 cm－ 1，












耦合振动峰 421和 719 cm－1，吡啶环畸变 v6b峰 648
cm－1，C―N对称伸缩有关的1034 cm－1以及C―C伸














Table 1 Relative energies and relative Gibbs free energies




















Fig.2 Simulated Raman spectra in gas phase (weak
curve) and the solvation model (strong curve) calculated at
the B3LYP/6-311+G** level
(A) PYSH, (B) PYSNH. The Raman bands are expanded by using
the Lorentzian line shape with a line width of 10 cm－1 at
the excitation wavelength 632.8 nm. color online
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且为 PYSNH异构体。在结构上，每个 PYSNH的
N―H键与另一个 PYSNH的 S原子成氢键作用，
N―H 键 长 约 为 0.1028 nm， H…S 距 离 约 为
0.2173－0.2194 nm。在气相中，这种氢键作用较
强，计算平均氢键能为 50.24 kJ∙mol－1。考虑水的
溶剂化作用，氢键 H…S 距离增加到 0.2240－



























1586 cm－ 1，同时实验观测的 SERS谱峰为 1010、





















考虑增加水分子数目 4和 8，4MPY分子的 v12振动
模的频率保持在 1000.0和 999.5 cm－1。进一步利用
SMD模型考虑长程的溶剂化效应，计算频率不发
生明显变化，如 v1和 v8a模的振动谱峰仍位于 1190
和 1580 cm－1。上述计算结果表明 4MPY的吡啶氮
图3 B3LYP/6-311+G**水平计算PYSNH异构体的二聚体、四聚体、五聚体和六聚体的优化结构(A)和模拟拉曼光谱(B)
Fig.3 Optimized structures (A) and simulated Raman spectra (B) of dimer, tetramer, pentamer, and
hexamer of PYSNH calculated at the B3LYP/6-311+G** level







化，其特征频率是 988、 1043、 1587 和 1625
cm－1。当对质子化结构进行溶剂化后，水合质子溶
剂化后的模拟拉曼光谱如图 5B实线所示。对仅质
子化结构溶剂化导致 1043谱峰蓝移至 1091 cm－1，
其它三个谱峰为 992、1578和 1621 cm－1。当考虑
对吡啶环氮位与水合质子复合结构溶剂化时，所
得计算结果表明，1578 cm－1谱峰强度减小，特征
谱峰为 992、1086和 1622 cm－1。另外，在这种情
况下较强的谱峰还有415和1383 cm－1。
3.4 双端作用
有关 4MPY 以双端作用的 SERS 研究还很
少 22,23。下面我们考虑当巯基硫和吡啶环氮同时与
图4 B3LYP/6-311+G**/LANL2DZ水平计算PyS-Agn复合物的模拟拉曼光谱
Fig.4 Simulated Raman spectra of PyS-Agn complexes calculated at the B3LYP/6-311+G**/LANL2DZ level
(A) Ag3-S-PyN; (B) Ag5-S-PyN; (C) Ag7-S-PyN; (D) Ag9-S-PyN. The Raman intensity is estimated by differential Raman scattering cross section.
It is expanded according to the Lorentzian line shape with the line width about 10 cm－1.
图5 B3LYP/6-311+G**/Lanl2DZ水平计算模拟拉曼光谱
Fig.5 Simulated Raman spectra of complexes calculated at the B3LYP/6-311+G**/Lanl2DZ level
(A) Ag5-SPYN-(H2O)8; (B) Ag5-SPYNH-(H2O)4. The excitation wavelength is 632.8 nm. The Raman intensity is estimated according to
differential Raman scattering cross sections expanded in the Lorentzian line shape with the line width about 10 cm－1.
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1580 cm－1。当 4MPY以双端与银簇作用，如图 6A
所示，其特征谱峰为 1010、1098和 1592 cm－1，这
与实验观测的谱峰1010、1098和 1580 cm－1更为接
近 5。图 6B是用SMD模型考虑水的溶剂化效应的




































计算第一激发态(S1)和第二激发态(S2)的 E1 = 2.64
eV和 E2 = 3.04 eV，其振子强度分别为 f1 = 0.0069
和 f2 = 0.3228。如果用SMD模型考虑溶剂化效应，










Fig.6 Simulated Raman spectra of Ag4-N-PyS-Ag5
calculated at the B3LYP/6-311+G**/Lanl2DZ level
(A) gas phase; (B) SMD model.













E3 = 1.50 eV，f3 < 0.0001；E6 = 2.09 eV，f6 = 0.0001；














































Fig.7 Frequency-dependent Raman spectra of 4MPY
with a silver cluster in (A) a single-end configuration
Py-S-Ag5 at 488.5 nm and (B) a two-end configuration
Ag5-S-PYSN-N-Ag4 at 550.0 nm calculated by combining
the B3LYP/6-311+G**/LANL2DZ method and
Raman intensity theory
The Raman spectra are drawn by using differential Raman scattering
cross section according to the Lorentzian line shape with
the line width about 10 cm－1.
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